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FOREWORD 


This  is  the  final  technical  report  for  the  period  1 May 
1973  through  30  September  1977  on  Grant  No . AFOSR-73-2537 , 

"Fluid  Dynamic  Interactions  Within  Multiple  Nozzle  Arrays." 
Theoretical  and  e.xperlmental  analyses  have  been  conducted  to 
examine  both  the  steady-state  and  time-resolved  characteristics 
of  the  mixing  region  between  two  coplanar,  two  dimensional 
supersonic  nozzles.  In  addition,  an  electron  beam  generator  and 
associated  optical  measuring  system  have  been  assembled  for  use 
in  CO2  5as  dynamic  laser  systems  at  the  Air  Force  Veapons 
Laboratory . 
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I.  INTRODUCTION 


Supersonic  chemical  transfer  lasers  and  mixing  gas  dynamic 
lasers  have  been  the  subject  of  considerable  research  in  recent  i 

years  because  of  the  potentially  large  power  available  from  such 
systems.  In  a typical  arrange.ment  for  a chemical  transfer  laser, 
a gas  containing  fluorine  is  heated  and  expanded  through  a multi-  t 

pie  array  of  small  nozzles  to  supersonic  Mach  numbers.  Alternate 
nozzle  flows  contain  molecular  hydrogen  mixed  with  a diluent  and 
the  flows  m.ix  downstream  of  the  nozzle  exit.  An  exothermic 
che.mlcal  reaction  occurs  in  the  mixing  layer  between  the  two  flows 
containing  the  .molecular  hydrogen  a.nd  atomic  fluorine  atoms.  Most 
of  the  heat  of  reaction  is  absorbed  by  the  vibrational  energy  mode 
of  the  H?  molecules  formed  and  under  proper  conditions  in  a suit- 
able cavity,  these  excited  molecules  can  be  m.ade  to  lase . 

Fluid  mechanics  plays  a dom.inant  role  in  the  process  of 
obtaining  laser  radiation  from  the  lasing  cavity  for  both  chemical 
and  gasdynamic  laser  configurations.  Mixing  phenomena  at  the  Jet  l 

boundaries  influence  the  local  species  concentrations  and  density 
variations,  which  in  turn  determine  the  type  of  laser  mode  ' 

generated,  the  optical  o.uality  of  the  lasing  medium,  and  the  over-  ; 

all  power  output.  The  degree  and  scale  of  turbulence  associated  .i 

with  the  nixing  process  will  also  have  an  important  effect  on  the 
optical  quality  of  the  lasing  medium.  Severe  interactions  between 
adjacent  nozzle  flows  can  create  significant  perturbations  in  the 
flow  field.  The  investigation  of  the  extent  of  both  molecular  and 
mechanical  penetration  of  the  inviscid  nozzle  flow  into  the  mixing 
region  is  still  considered  to  be  state-of-the-art  research  for  both 
chemical  transfer  and  gasdynamic  lasers. 

Theoretical  analyses  of  certain  aspects  of  multiple  nozzle 
laser  configurations  have  advanced  at  a much  more  rapid  rate  than  ' 

have  corresponding  experimental  efforts.  E.mphasis  in  these 
theoretical  studies  has  generally  been  placed  on  analyses  of  the 
reaction  m.echanisms  in  the  fully  .mixed  flow  and  the  resulting 
effects  on  laser  performance.  The  fluid  mechanical  details  of  the 
mixing  process  are  usually  handled  by  simple  empirical  correlations. 

In  early  work  by  Mirels  and  co-workers  a "flame  sheet  model"  j 

was  employed  to  account  for  mixing.  In  this  case,  3trea.mlines  i 

containing  the  flows  to  be  mixed  are  assumed  to  intersect  alo.ng 
the  flame  sheet.  Laminar  and  turbulent  diffusion  are  treated  with 
this  model  by  varying  the  scaling  constants  over  roughly  an  order  i 

of  magnitude.  However,  the  flame  sheet  approach  masks  all  the  * 

fluid  mechanical  phenomena;  lateral  diffusion  of  reaction  products 
across  3trea.m  tubes  is  neglected  and  axial  velocity  and  pressure  ] 

are  assumed  constant  throughout  the  flow  field.  In  more  recent 
work,  parallel  .mixing  problems  have  been  treated  with  turbulent  j 

transport  coefficients  described  generally  by  algebraic  eddy  ! 

viscosity  models.  j 


.J 
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Analysis  of  laser  cavity  flows  is  but  one  subset  of  a larger 
problem  generally  termed  "turbulence  modeling".  Progress  in 
such  modeling  can  be  developed  only  with  heavy  reliance  on  experi- 
mental data.  However,  as  modeling  proceeds  from  simple  algebraic 
eddy  viscosity  models  to  higher  order  closure  schemes,  more  de- 
mands are  placed  on  the  experimental  programs  if  they  are  to 
produce  results  which  can  guide  the  modeling.  F'or  example,  in 
simple  mixing  flows  pressure  measurements  allow  some  assessment 
of  the  accuracy  of  a specific  turbulence  model  but  do  not  provide 
sufficient  detail  to  allow  i.mprove.ment  of  the  model.  Ideally, 
both  time  averaged  and  fluctuating  fluid  properties  should  be 
measured  in  a single  experiment.  Time-resolved  measurements  with- 
in the  mixing  region  or  l.n  the  laser  cavity  are  only  now  reaching 
the  published  literature. 

In  several  previous  experimental  studies,  attempts  were  made 
to  assess  the  importance  of  various  fluid  mechanical  influences, 
such  as  instabilities,  mixing  layer  gradients  and  turbulence  levels 
on  the  mixing  layer  structure.  However,  it  appears  that  no  syste- 
matic experimental  investigation  has  been  made  to  establish  relative 
fluid  mechanical  influences  in  a configuration  devoid  of  sophistica- 
ted injection  tech.niques  (e.g.,  trip  geometry),  complex  chemical 
reactions  and  other  interactions  which  complicate  the  verification 
of  the  assumptions  inherent  in  more  advanced  theoretical  analyses. 
Previous  experimental  efforts  have  invariably  raised  additional 
questions  concerning  very  fundamental  aspects  of  the  investigations 
and  complete  documentation  of  the  overall  flow  field  is  often 
lacking.  Basic  questions  concerning  mixing  layer  phenomena  in- 
herent in  both  chemical  transfer  and  mixing  gasdyna.mic  lasers 
remain  essentially  unresolved. 

The  overall  objective  of  the  research  reported  here  is  to 
provide  characterization  of  the  fluid  dynamical  aspects  of  the 
laser  mixing  layers  to  permit  assessment  of  the  relative  influences 
of  parameters  such  as  curbulent  scale,  energy  spectrum  and  density 
fluctuations,  as  examples.  A versatile  experimental  facility  has 
been  assembled  and  experimental  techniques  have  been  developed  to 
establish  the  steady  state  and  certain  of  the  ti.me  resolved  gas- 
dynamic  flow  properties  to  allow  investigations  of  the  micro- 
structure of  mixing  shear  layers.  Supporting  theoretical  analyses 
have  also  been  conducted  v/hich  allow  variation  of  the  turbulence 
model  employed  to  characterize  the  mixing  within  the  shear  layer. 

These  studies  are  concerned  primarily  with  the  fluid  mechani- 
cal aspects  of  gas  flow  lasers,  and  do  not  involve  considerations 
of  the  lasing  process.  However,  certain  of  the  e.xperi.mental 
tec.hniques  which  have  been  developed  during  the  course  of  this 
research  are  being  applied  in  laser  facilities  at  the  Air  Force 
V.eapons  Laboratory  (AFVL).  Summaries  of  the  theoretical  and 
experimental  research  conducted  at  OSU  and  the  supportive  experi- 
mental programs  conducted  at  AFVL  are  given  below. 


The  experiniental  studies  were  conducted  in  a continuous 
flow,  direct  current  arc  heated  wind  tunnel  facility.  The  arc 
heater  was  designed  to  provide  a heated  gas  with  a nlnimum  of 
both  electrode  erosion  and  arc  instability.  Electrical  power 
for  the  facility  is  supplied  by  two  motor  generator  sets  with  a 
maximum  continuous  output  power  of  1.1^  megawatts. 

After  passing  throug.h  the  arc  heater  the  tes’  gas  enters  a 
long  plenum-transition  reservoir,  where  temporal  and  spatial 
variations  in  gas  properties  are  damped.  The  reservoir  includes 
provisions  for  the  mixing  of  cold  test  gas  with  the  arc  heated 
gas  to  obtain  tem.peratures  more  nearly  representative  of  present 
chemical  and  gasdynamic  mixing  lasers.  From  the  reservoir  region, 
the  test  gas  enters  a two  dimensional  noosle  conf igur ao ion  and 
then  passes  through  an  open  Jet  test  cabin  to  a water  cooled 
diffuser  system. 

Two  overall  nozzle  configurations  are  employed  as  shown  in 
Figure  1.  In  the  baseline  configuration  (Figure  la)  both  nozzles 
are  supplied  from  the  arc  heater  reservoir.  In  the  two  stream 
system,  one  nozzle  is  supplied  by  the  arc  heater  reservoir  while 
the  ouher  is  separately  supplied  with  an  arbitrary  unheated  gas. 
The  latzer  configuration  allows  simulation  of  the  large  velocity 
and  temperature  differences  which  exist  across  adjacent  nozzles 
in  current  chemical  transfer  lasers.  Both  contoured  and  wedge 
nozzle  blocks  are  available  for  both  configurations.  In  addition, 
the  center  nozzle  element  was  designed  for  ease  of  replaceme.nt  to 
allow  a variety  of  mixing  layer  injection  schem.es  to  be  investi- 
gated and  the  nozzle  block  holder  permits  rapid  alteration  of  the 
nozzle  array  configuration  for  different  Mach  numbers  or  internal 
injection  methods.  To  date,  experi.mental  studies  have  been  con- 
ducted only  with  the  baseline  configuration  with  a nominal  exit 
•Mach  number  of  d.O.  Operati.ng  with  either  air  or  molecular 
nitrogen,  typical  reservoir  pressures  a.nd  temperatures  are  1.0 
atm.  and  2000°K,  respectively.  These  conditions  lead  to  flow 
properties  at  the  nozzle  exit  which  simulate  those  in  supersonic 
flow  chemical  lasers  of  current  Interest. 


3.  I.MSTRUMEIIT.ATION 

An  electron  beam  provides  the  prim.ary  instrumentation  system 
for  analysis  of  the  mixing  region.  In  this  technique,  a narrow 
beam  of  electrons  is  projecced  across  the  flow  and  the  interaction 
of  the  electrons  with  gas  particles  produces  a column  of  radiation 
which  is  nearly  coincident  with  the  electron  beam..  High  beam 
voltages  (20  kv)  are  employed  to  obtain  good  spatial  resolution. 
The  beam  is  projected  through  the  flow  field  in  a direction  per- 
pendicular to  the  gas  velocity.  Profiles  of  gas  properties  are 
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Vhen  operating  with  air  as  the  test  gas,  radiation  is 
observed  due  to  bombardment  of  .molecular  nitrogen,  molecular 
oxygen,  atomic  oxygen,  and  nitric  oxide.  The  predo.minant  radia- 
tion is  due  to  excitation  of  molecular  nitrogen  in  the  first 
negative  system  of  the  ionized  nitrogen  molecule.  The  most 
intense  band  i.n  this  system  is  the  (0,0)  band  at  391^A-  Spectro- 
scopic analysis  of  chis  radiation  typically  leads  to  measurements 
of  the  rotational  temperature,  vibrational  temperature,  a.nd 
number  density  of  the  molecular  .nitrogen.  The  rotational  te.mpera- 
ture  is  assum.ed  equal  to  the  gas  translational  temperature.  This 


assumotion  is  valid  because  of  the  ran: 


.libration  ol 


rotational  and  translaoional  degrees  of  freedom.  Under  extre.me 
conditions,  such  as  in  a lov;  density  free  jet  expansion  with  a 
light  gas  (e.g.  H2),  rotational  .nonequilibrium  may  be  observed. 
However,  for  the  condition  of  these  studies,  such  nonequilibrium 
can  be  ignored. 


In  conventional  applications  of  an  electron  bean,  only  the 
steady  state  gas  properties  are  measured.  However,  during  the 
course  of  the  prese.nt  studies  theoretical  and  experimental  analyses 
have  been  conducted  to  allow  isolation  of  the  rotational  tem.pera- 
ture  turbulence,  independent  of  fluctuations  in  other  gas  pro- 
perties and  electron  beam  operating  para.meters.  This  technique 
allows  direct  measurement  of  the  temperature  turbulence  at  arbi- 
trary locations  within  the  flow  field  and  yields  data  which  can 
be  used  to  judge  the  applicability  of  various  turbule.nce  a.nd 
m.ixing  models. 

The  optical  system  employed  for  the  temperature  t’urbulence 
measurements  is  shown  in  Figure  2.  .A  large  field  lens  focuses 
the  radiation  on  a narrow  slit.  To  obtain  good  spatial  resolution, 
the  image  of  the  electron  bea.m  is  perpendicular  to  the  slit. 

Light  passing  through  the  slit  is  collimated  and  split  by  a bea.m 
spljtter.  Light  from  the  splitter  passes  through  narrow  band-pass 
interference  filters  and  is  focused  on  separate  E.MI  6256S  photo- 
.multipliers , The  narrow  band  pass  interference  filters  are  set 
to  view  separate  spectral  regions  contained  wholly  within  the  (0,0) 
band  of  the  first  negative  system. 

The  ratio  of  signals  obtained  from  the  filtered  photomultipliers 
can  be  shown  to  be  dependent  only  upon  the  molecular  nitrogen 


5 


rotational  temperature.  The  electrical  system  employed  to 
measure  the  Instantaneous  ratio  of  intensities  is  shown  in  Fl>^ure 
3.  The  photocurrents  are  obtained  by  measuring  the  voltage  drops 
across  load  resistors  in  the  anode  circuits  of  the  photomulti- 
pliers. The  load  resistor  voltages  are  processed  by  operational 
amplifiers  to  reduce  the  output  impedance  of  the  circuits,  thereby 
reducing  the  effects  of  electrical  pick-up  in  the  data  cables. 

The  resulting  signals  then  enter  variable  gain,  filtered  a.mpllflers 
and  separate  sample  and  hold  units.  The  outputs  from  tne  sample 
and  holds  are  digitized  by  a fast  .A/D  converter  and  stored  in  the 
central  memory  of  the  laboratory  data  acquisition  system.  The 
purpose  of  the  samiple  and  hold  units  is  to  allow  data  to  be  sampled 
from  the  two  channels  at  the  same  Instant  of  time  (within  a few 
nanoseconds ''  . 


To  obtain  accurate  in3‘'a;’.ta.'ieous  I’otallonal  temperatui'e 
measurements,  the  ratio  of  intensities  from  the  two  channels  mus' 
be  relatively  free  of  the  effects  of  random  noise.  With  the 
e.Kperimental  configuration  used  here,  the  or  In.c  Ip.'il  source  of 
noise  is  that  due  to  random  electron  emissions  within  the 

photomultipliers  (shot  noise''.  The  effects  of  shot  noise  cai'.  be 
reduced  or.'ly  by  Increasing  tlie  overall  signal  level. 


To  ma.xlmlze  the  signal  levels,  a duoplasmntron  beam  generator 
system  is  employed.  The  generator  employs  a low  pressure  arc  dis- 
charge to  provide  the  electrons,  which  are  accelerated  arui  focused 
to  form  an  electron  beam  wi*"!!  voltages  up  to  75  kv  and  beam  current, 
in  excess  of  30  ma. 


In  addition  to  the  rotational  temperature  turbulence  studle. 
research  is  under  way  to  apply  the  electron  beam  for  measurem.et'.t 
of  vibrational  temperature  within  the  mixing  region.  The  Intent 
of  these  studies  is  to  determine  if  certain  spectral  regions  wit: 
in  the  electron  beam  radiation  can  be  Isolated  which  resrond 
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prlmarlly  to  vibrational  temperature  turbulence.  The  pri.m.ary 


difficulty  in  measuring  vibrational  temper.ature  oscillations  is 
that  the  radiation  intensities  induced  by  the  electron  beam  dece 


no 


uoon  both  the  rotational  and  vibrational  temperatures. 


effects  of  vibrational  temperature  fluctuations  can  be  removed 
f,”om  the  rotational  temperature  data  by  properly  choosing  the 
spectral  regions  of  observation,  it  is  not  clear  that  similar 
methods  can  be  developed  for  removing  the  effects  of  rotational 
temperature  fluctuations  on  vibrational  temperature  measuremer.ts 


However,  if  such  techniques  can  be  developed  tills  aspect 


he 


research  can  have  large  impact  on  supersonic  mixing  lasers.  SiUv'e 


lasing  In 


devices  occurs  between  vibrational  energy  levels 


in  a given  electronic  energy  state,  knowledge 
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ccnter.t  of  the  vibrational  temrenatnoe  turbulence 


le  .direct  Indication  of  the  oscillations  to  be  exrected 


Ln  the  laser  cutout. 
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FIGURE  3.  ELECTRO-OPTICAL  SYSTEM  SCHEMATIC 


In  addition  to  the  electron  beam,  conventional  pitot  pressure 
and  mass  flow  probes  are  also  used  to  examine  the  mixing  region. 
Preliminary  studies  have  also  been  conducted  to  examine  the 
applicability  of  the  Laser  Doppler  Velocimeter  (LDV)  in  the  arc- 
heated  flow  field.  These  latter  studies  are  in  an  early  stage  at 
this  ’writing. 


C.  TYPICAL  RESULTS 

Data  have  been  obtained  from  a variety  of  test  configurations; 
typical  pitot  pressure,  steady  state  rotational  temperature,  and 
rotational  temperature  turbulence  data  are  shown  in  Figures  ^-6. 

The  complex  structure  of  the  flow  field  is  evident  in  the  pitot 
pressure  surveys  of  Figure  '4.  When  either  contoured  or  wedge 
nozzles  are  used,  a lip  shock  forms  at  the  nozzle  exit;  ho’wever, 
the  shock  is  much  weaker  with  the  contoured  nozzles.  At  large 
distances  downstream  of  the  nozzle  exit,  the  lip  shock  extends 
far  into  the  inviscld  flow  region  such  that  there  is  no  region 
of  uniform  flow.  This  observation  is  confirmied  by  electron  beam 
flow  visualization  photographs  which  show  that  the  wave  system 
generated  by  the  required  flo’w  turning  at  the  nozzle  exit  pro- 
cesses all  of  the  gas  seen  by  the  probes  and  the  electron  beam. 
Hence,  significant  non-uniformities  exist  across  the  entire  flow 
field  at  large  distances  downstream  of  the  nozzle  exit;  placement 
of  the  laser  cavity  in  this  region  could  lead  to  much  degradation 
in  the  quality  of  the  output  laser  beam. 

Typical  broad-band  rotational  temperature  fluctuations 
measured  at  two  axial  stations  are  shown  in  Figure  5-  The  mixing 
region  is  seen  to  contain  the  largest  temperature  fluctuations 
with  the  differences  between  the  free  stream,  and  mixing  layer 
fluctuations  decreasing  in  the  downstream  direction.  This  is  in 
basic  agreement  with  steady  state  data  which  show  that  the  overall 
gradients  in  flow  properties  across  the  mixing  layer  generally 
decrease  as  the  distance  downstream  of  the  nozzle  exit  increases. 

It  is  also  notable  that  relatively  large  temperature  fluctuations 
are  indicated  in  the  free  strea.m  flow.  The  detailed  origins  of 
these  fluctuations  are  presently  under  investigation  and  modifica- 
tions to  the  electro-optical  m.easuring  system  have  been  made  to 
reduce  the  contribution  of  electronic  shot  noise  to  the  final 
results . 
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te.moerature  turbulence  to  Isolate 


lot  0 
t is 
w f re 
’um  le 
c las 
ng  CO 
cteri 


the 

tion  in  the  wind  tunnel  suocly  conditions 

r d 

re  bein 


the  m 
elati 


analyses  employing  digital  compute 
based  on  Fast  Fourier  Transforms  a 


a re 
< - 


hewn  i 
uenc ie 
reases 
ical  t 
lected 
.at  ion 
eso Ive 
Xing  1 
e effe 
ros  s-c 
ction 
ed  in 


from  the  center 
n Figure  6.  The 
s (1  k.Hz)  and 
with  Increasing 
u r*  'c  u X r*  c 0 
from  the 

of  the  turbulence 
d reservoir 
ayer  rotational 
cts  of  oscilla- 
orrelation 
tec.nnl  ::uej 


this  chase 


s 

e 0 


the  studies. 


12 


III.  THEORETICAL 


RESULTS 


A.  0\^RALL  METHODS 


Numerical  experiments  have  been  performed  with  a computer 
program  which  is  a result  of  a.n  extensive  analysis  of  comparative 
turbulence  models  conducted  by  EUrggraf  of  OSU.  The  program  is 
capable  of  calculating  laminar  and  turbulent  two  dimensional 
compressible  boundary  layer  flows  along  a body  and  in  wakes  and 
free  shear  layers.  Heat  transfer  to  zhe  nozzle  wall  is  included 
in  the  analysis  and  appears  to  be  particularly  important  for 
nozzle  flows  where  the  boundary  layer  is  subjected  to  very  high 
heat  transfer  rates  in  the  region  near  the  nozzle  throat.  Addi- 
tionally, mass  diffusion  of  a binary  mixture  is  permitted  in  the 
shear  layer  subject  to  the  assumption  of  unity  Lewis  number. 

Closure  of  the  system,  of  equations  can  be  accomplished  with 
a number  of  models.  These  include: 


a.  algebraic  eddy  viscosity  model 

b.  a single  transport  equation  model 

c.  a two  equation  model 

In  the  single  transport  equation  model,  the  eddy  viscosity 
is  formed  from  the  product  of  an  algebraic  length  scale  and  a 
velocity  obtained  from  a solution  of  the  turbulent  kinetic  energy 
equation.  The  m.ethod  is  an  extension  of  Clushko's  incompressible 
.model.  The  two  equation  model  is  developed  from  an  edddy  viscosity 
which  is  formed  from  a velocity  and  length  scale  that  are  both 
described  by  transport  equations.  This  model  uses  an  energy 
equation  and  a dissipation  rate  equation  expressed  in  term.s  of 
a pseudo-vorticity . 


The  computer  program  also  allows  exa.mination  of  the  effects 
of  boundary  layer  initial  conditions  on  the  calculated  properties 
in  the  mixing  region.  For  example,  the  influence  of  the  high 
gradients  in  the  nozzle  throat  region  are  included  by  specifying 
realistic  edge  conditions  for  the  boundary  layer  solution.  In 
addition,  the  influences  of  nozzle  wall  tem.perature  on  the  pre- 
dicted temperatures  in  the  mixing  layer  appear  to  be  particularly 
i.mporta.nt  a.nd  are  being  investigated  with  the  computer  program. 


Mo.mentum  integral  techniques  are  also  being  used  to  charac- 
terize the  overall  features  of  the  mixing  region.  The  advantage 
of  this  m.ethod  is  that  the  many  assu.mptions  inherent  in  finite 
difference  solutions  are  not  required.  Instead,  an  approxim.ate 
unifying  theory  for  laminar,  transition  and  turbulent  wake  pro- 
cesses can  be  developed  for  application  to  both  t wo-dim.ensicnal 
and  axisymmetrlc  geom.etries.  Velocity  and  enthalpy  profiles 
across  the  .mixing  region  are  obtained  in  term.s  of  a velocity  gra- 
dient parameter  si.milar  to  the  Pohlhausen  pressure  gradient  para- 
m.eter.  fom.parisons  are  being  made  between  the  theoretical  results 
and  those  for  a variety  of  lam.inar,  transition  and  turbulent 
processes . 
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H.  TYPICAL  RESULTS 

Typical  theoretical  temperature,  velocity,  Reynolds  stress 
and  turbulent  kinetic  energy  profiles  from  the  one-equation  model 
are  shown  in  Figures  7-10.  The  predictions  apply  for  the  test 
Reynolds  number  of  73S0  and  the  contour  plots  start  at  the  nozzle 
exit;  the  locations  of  the  e.Kperimenoal  measuring  stations  are 
indicated  on  the  plots.  As  can  be  seen  from  Figure  7,  the  changes 
in  the  temperature  profiles  are  most  dramatic  very  near  the  nozzle 
e.xit  where  the  effect  of  the  nozzle  wall  temperature  is  m.ost 
i.mportant.  The  turbulent  kinetic  energy  (Fig.  10)  increases 
continually  in  the  dowTistream  direction,  indicating  that  transition 
to  a turbulent  shear  layer  probably  does  not  occur  within  the  field 
of  observation. 

The  predictions  of  Figure  7 and  10  are  compared  with  those 
from  a higher  .Reynolds  number  case  (2  m.illion)  in  Figures  11  and 
12.  In  this  case,  the  marked  changes  in  the  shear  layer  properties 
are  restricted  to  the  region  very  near  the  nozzle  exit  and  the 
turbulent  kinetic  energy  reaches  a maximum  value  early  in  the  flow 
field.  .Hence,  transition  would  be  expected  very  near  the  nozzle 
exit . 

The  theoretical  and  experimental  temperature  profiles  are 
compared  in  Figures  13-15.  At  the  upstream,  measuring  station 
(Fig.  13),  the  data  compare  favorably.  However,  at  the  middle 
m.easuring  stations  (Fig.  14),  the  theory  over  predicts  the  local 
temperatures  by  significant  amounts.  At  the  downstreari  station 
(Fig.  15),  the  magnitude  of  the  temperature  peak  is  predicted  by 
the  theory,  but  the  experi.mental  shear  layer  thickness  is  signi- 
ficantly greater  than  the  theoretical  estim.ate. 

The  effect  of  boundary  layer  initial  conditions  on  the  theore- 
tical estimates  are  indicated  in  Figures  15-13.  In  these  calcula- 
tions, the  upstream  history  of  the  boundary  layer  is  ignored  and 
the  shear  layer  is  assumed  to  begin  from  a flat  plate  boundary 
layer.  As  can  be  seen,  the  flat  plate  theory  greatly  over  estimates 
the  shear  layer  temperatures.  Hence,  when  the  calculations  are 
performed  accounting  for  the  high  pressure  gradients  and  heat 
transfer  rates  in  the  nozzle  threat  region,  the  theoretical  and 
experimental  data  agree  well  near  the  nozzle  exit.  However,  in 
the  shear  layer,  the  one-equation  model  over  estimates  both  the 
shear  layer  temperatures  arid  thickness. 
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FTOURE  17.  TEMPERATURE  PFiOPTLER  AT  1.13  INCHES  DOWNSTREAM 
OP  NOZZLE  EXIT:  FLAT  PLATE  THEORY. 


FIOURK  18.  TFMPEKATURE  profiles  at  2.13  INCHES  DOWNSTREAM 
OF  NOZZLE  EXIT:  FLAT  PLATE  THEORY. 


IV.  APPLICATIONS 


AFV.L  PROGRAMS 


A.  HIGH  DENSITY  ELECTRON  BEAM  STUDIES 

For  the  last  several  years  there  has  been  an  Increased  aware- 
ness of  the  need  to  perform  detailed  measurements  of  flow  proper- 
ties within  lasing  cavities.  Ideally,  such  measurements  should  be 
made  without  perturbing  the  overall  thermo-chemical  state  of  the 
flow  field.  For  example,  in  a COo  Gas  Dynamic  Laser  (GDL)  the 
very  efficient  energy  transfer  between  the  asymmetric  stretch  mode 
of  CO2  and  N2  is  responsible,  in  part,  for  the  population  inver- 
sion which  leads  to  lasing  in  the  N2-CO2-H2O  GDL.  The  vibrational 
relaxation  of  N2  within  the  flow  field  is  relatively  slow  so  that 
the  resonant  transfer  between  M2  and  the  mode  of  CO2  leads  to 
an  elevated  population  of  the  (001)  level  of  CO2  compared  to  that 
of  (100)  level.  To  investigate  the  energy  budget  within  the  ex- 
pansion, detailed  measurements  of  the  vibrational  population  dis- 
tributions of  the  various  species  are  required.  Such  distribut- 
ions for  CO2  and  H2O  can  oe  investigated  by  measuring  the  inten- 
sities of  the  vibration-rotation  bands  emitted  by  these  molecules. 
However,  since  N2  is  homonuclear,  it  has  no  pure  vibration- 
rotation  spectrum  and  some  other  means,  such  as  an  electron  beam, 
must  be  used  to  Investigate  the  M2  vibrational  population  distri- 
bution. 

Most  measurements  with  electron  beam.s  are  made  in  flows  with 
static  pressures  near  a few  Torr;  however,  GDL's  operate  with  much 
higher  static  pressures.  Since  there  is  considerable  interest 
(particularly  at  AFU’D  in  making  direct  measurements  of  the  vibra- 
tional temperature  of  N2  in  actual  GDL  flow  fields,  techniques  for 
applying  the  electron  beam  to  high  density  mixtures  of  Np , CC2 
and  H2O  were  investigated.  The  CQ2  concentrations  in  air  were 
varied  from  C to  25%  (by  volume)  and  the  H2C  concentration  was 
varied  from  0 to  II.  Equivalent  pressures  ranged  from  2 to  20  Torr. 
(Equivalent  pressure  is  defined  as  the  pressure  corresponding  to 
the  actual  gas  density  at  a translational  temperature  of  300'^K) . 
Actual  static  pressures  in  the  test  gas  exceeded  60  Torr. 


The  measured  N2  vibrational  temperatures  were  compared  with 
the  results  of  theoretical  analyses  employing  a 3-t;emperature 
model  for  the  vibrational  relaxation.  Over  the  entire  range  of 
gas  conditions  and  mixture  ratios  examined,  good  agreement  between 
the  predicted  and  measured  vibrational  temperature  was  obtained. 
This  indicates  that  .neither  the  high  density,  nor  the  addition  of 
O2  or  HcO  caused  measurable  perturbations  in  the  electron 
ced  radiation  in  the  No'*’  first  negative  system.  Hence. 
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B.  APWL  HIGH  DENSITY  ELECTRON  BEAM  GENERATOR 

Based  on  the  results  discussed  above,  a high  density  electron 
beam  generator  and  associated  instrumentation  were  assembled  for 
use  in  the  combustion  driven  CO2  GDL  facility  at  AFUL  (intermediate 
Test  Facility,  ITF) . The  overall  system  was  designed  to  operate 
with  gas  densities  up  to  those  corresponding  to  an  equivalent 
pressure  of  50  Torr.  In  addition,  an  electro-optical  system 
capable  of  scanning  150a  in  32  milliseconds  was  assembled  for 
analysis  of  electron  beam  induced  radiation.  The  operation  of  the 
electron  beam  generator  and  optical  system  were  established  in  a 
static  test  chamber  at  OSU  and  subsequently  installed  at  AFI^’L. 
Demonstrative  tests  were  conducted  by  OSU  personnel  to  instruct 
AFWL  personnel  in  proper  operation  of  the  system. 

The  Instrumentation  system  employed  an  Optical  Multichannel 
Analyzer  (OMA)  fitted  with  a silicone  vidicon  and  an  optical  system 
capable  of  recording  530  data  points  over  a wavelength  range  of 
approximately  150a.  The  OMA  processes,  displays,  and  signal 
averages  optical  data  from  all  500  channels  simultaneously,  and 
in  real-time.  Theoretical  predictions  of  the  vibrational  band 
intensity  distributions  to  be  expected  from  the  OMA  were  conducted 
to  allow  accurate  determination  of  vibrational  temperature  from 
the  measured  spectra. 


C.  ATOMIC  FLUORINE  STUDIES 

There  is  much  current  interest  in  determining  the  distribution 
of  atomic  fluorine  throughout  the  flow  field  in  supersonic  HF  and 
DF  chemical  lasers.  If  the  fluorine  concentration  distribution 
could  be  measured  in  such  systems,  valuable  information  regarding 
the  mechanisms  active  in  the  thermo-chemical  mixing  process  could 
be  obtained.  In  addition,  more  reliable  data  on  the  appropriate 
reaction  kinetics  a.nd  the  effects  of  wall  recombination  would  be 
available.  Up  to  this  time,  no  direct  means  of  measuring  the 
fluorine  atom  concentration  has  been  developed,  particularly  for 
flow  systems  typical  of  chemical  lasers.  During  the  course  of 
this  research,  preliminary  demonstration  of  a new  technique  for 
determining  the  F atom  concentration  distributions  in  arbitrary 
flow  fields  was  demonstrated.  This  new  technique  employs  a high 
current  electron  beam  and  can  be  employed  in  chemical  laser  flows, 
even  while  lasing  is  occurring. 


;onducted  in  the  arc  heated 
wind  tunnel  with  air  as  a test  gas  and  SF5  was  admixed  with  the 
arc  heated  gas  in  the  reservoir.  The  SFg  mass  flow  rate  was 
varied  to  provide  fluorine  atom  frac^-ions  from  0 to  12%  by  volume. 
Various  fluorine  lines  were  observed  in  the  electron  be.am  in- 
duced radiation.  The  strongest  line  corresponds  to  the  3r0?-33-? 
transition  at  7037. 5.a.  Calibration  data  were  collected 


line  for  F atom  concentrations  uo  to  1.6  x 10^5  3 
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are  displayed  in  Figure  19.  The  good  linearity  of  the  line  intei'.- 
sity  indicates  that  it  can  be  used  as  an  accurate  measurement  of 
the  fluorine  concentration. 


Results  of  these  preliminary  calibrations  demonstrate  that 
an  electron  beam  can  be  used  for  direct  measurements  of  the  F atom 
concentration  in  certain  gas  mixtures  and  that  .measurements  should 
be  possible  even  under  lasing  conditions.  However,  before  the 
method  can  be  applied  to  fluorine  with  confidence,  detailed  cali- 
brations of  the  line  intensity  variation  with  atom  concentration 
must  be  performed.  In  addition,  these  calibration  experiments 
should  be  performed  in  mixtures  more  typical  of  those  in  HF  and  DF 
chemical  lasers.  Such  calibration  experiments  may  be  performed  at 
AFV/L  in  the  near  future. 
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VI.  CONCLUSION 

A variety  of  theoretical  and  experimental  research  has  been 
conducted  to  examine  the  structure  of  mixing  layers  in  co-planar 
supersonic  flows  typical  of  those  in  chemical  transfer  and  gas 
dynamic  lasers.  The  experimental  facility  is  of  relatively  large 
size  so  that  detailed  measurements  of  the  structure  of  t.he  flow 
field  can  be  made  without  extreme  requirements  on  the  spatial 
resolution  of  the  .measuring  systems.  Diagnostic  tech.niques  have 
been  developed  to  measure  the  rotational  temperature  turbulence 
of  molecular  nitrogen,  in  addition  to  the  usual  steady  state 
values  of  pressures,  temperatures  and  density.  In  addition,  pre- 

li.minary  experiments  have  been  perform.ed  which  demonstrate  that 
an  electron  beam  can  be  used  for  direct  measurements  of  the  con- 
centration of  atomic  fluorine  in  chem.ical  laser  geometries. 


An  extensive  theoretical  analysis  of  the  mixing  region  is 
in  process.  The  nu.merical  techniques  allow  examination  of  the 
effects  of  the  turbulent  model  as  well  as  those  associated  with 
the  initial  conditions  in  the  nozzle  boundary  layer.  The  experi- 
mental configuration  has  been  designed  to  duplicate  the  essential 
features  of  the  mixing  regions  typical  of  gas  flow  lasers  without 
the  attendant  complexities  due  to  various  injection  geometries 
and  complex  chemical  reactions.  That  -is,  the  configuration 
stresses  the  fluid  mechanical  influences  important  in  the  mixing 
layers  to  permit  assessment  of  the  relative  influences  of  para- 
meters such  as  turbulence  length  scale,  energy  spectrum,  tempera- 
ture fluctuations,  and  density  fluctuations. 


Certain  of  the  experimental  tec.hniques  developed  during  the 
course  of  this  research  are  being  applied  in  actual  laser  flow 
fields  at  AFWL. 
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